1. The mosquito Aedes aegypti is largely confined to tropical and subtropical regions but its 15 range has recently been spreading to colder climates. As insect biogeography is closely 16 tied to environmental temperature, understanding the limits of Ae. aegypti thermal 17 tolerance and their capacity for phenotypic plasticity is important in predicting the spread 18 of this species. 19 2. In this study we report on the chill coma onset and recovery, as well as low temperature 20 survival phenotypes of larvae and adults of Aedes aegypti that developed or were 21 acclimated to 15°C (cold) or 25°C (warm). 22 3. Developmental cold acclimation did not affect chill coma onset of larvae but substantially 23 reduced chill coma onset temperatures in adults. Chill coma recovery time was affected 24 by both temperature and the duration of exposure, and developmental and adult 25 acclimation both strongly mitigated these effects and increased rates of survival following 26 prolonged chilling.
Introduction 39
The mosquito Aedes aegypti is abundant in tropical and subtropical regions where it is an 40 arboviral disease vector for Zika, Chikungunya, yellow fever, and dengue (Bhatt et al., 2013;  8 daily. The population is maintained at room temperature (22±1°C) with a 12:12 h light:dark 150 cycle. 151 To obtain larvae for experiments, eggs were added to 1.5 L of dechlorinated tap water along with 152 2 mL of the liver-yeast diet. Containers of water and eggs were kept in a 25 ± 0.5°C incubator 153 (12 h:12 h light:dark). The next day, hatching was confirmed through visual inspection and 2 mL 154 of food was added. One day later, all larvae in each bin were randomly assigned to one of two 155 developmental acclimation treatments, 15°C or 25°C, such that each treatment had 156 approximately equal numbers. The larvae assigned to each treatment were transferred to a new 157 container filled with 1.5 L dechlorinated tap water and 2 mL food and placed in either the 15°C 158 or the 25°C incubator. Larvae were fed 2 mL liver-yeast food mix every day until the first pupa 159 was spotted. Water was changed as needed, with food always added after a water change. When 160 the first pupae were observed, 4 th instar larvae were collected to be used in experiments. 161 To acclimate adults for experiments, pupae (reared under standard colony conditions as 162 described above) were isolated daily and given 1-2 days to mature prior to the placement of 40 ± 163 10 pupae in small open-top containers with ~60 mL of dechlorinated tap water. The open-top 164 containers were then placed within custom made (18 cm long x 15 cm wide x 10 cm tall) 165 enclosed containers (with a netted section to allow for air flow) allowing the pupae to emerge 166 over a period of 48 h. A premade sugar water solution (40 g of sucrose in 250 mL of tap water) 167 was placed in each container to allow for adults to feed. Following 48 h given for emergence, 168 any remaining pupae were removed, and the containers were separated into two different 169 acclimation treatments: cold-acclimation (15°C) and warm-acclimation (25°C). This ensured all 170 adults were 1-2 days old upon the initiation of the acclimation treatments. Both acclimation 9 groups were maintained on a 12:12 h light:dark cycle. Adult mosquitoes were left at their 172 respective acclimation temperatures for five days, and thus all adults were 6-7 days post-173 emergence when used in experiments. 174 Chill coma onset 175 To assess chill coma onset temperatures (CCO), individual larvae were collected from the 176 developmental acclimation treatments using a pipette and transferred to 4 mL glass vials along 177 with 2 mL of their rearing water. The vials were affixed to a custom-made aluminum rack that 178 was submerged in a glass aquarium containing a 1:1 mixture of ethylene glycol and water, which 179 was circulated by a programmable refrigerated bath (Model AP28R-30, VWR International,
180
Mississauga, ON, Canada). The temperature of the bath was independently monitored with a pair 181 of type-K thermocouples connected to a computer running Picolog (version 5.25.3) via a Pico 182 TC-07 interface (Pico Technology, St. Neots, UK). The larvae were held at 20°C for 15 min then 183 ramped down at 0.1°C/min. We recorded the temperature at which each larva completely 184 stopped responding to vibrational and light stimuli. Since larvae would often ignore a stimulus 185 during one scan only to respond strongly on the next, all larvae, including those that had been 186 recorded as being in chill coma, were tested for a response throughout the experiment to ensure 187 the accuracy of the CCO temperature.
188
Adult mosquitoes from the 25°C and 15°C acclimation groups were briefly anesthetized under 189 CO2 and placed in 4 mL glass vials (filled with ambient air) and affixed to a rack that was 190 submerged in a temperature-controlled bath, as described above for the larvae. To record adult 191 CCO, the temperature of the bath was initially set to 25°C for 15 min and then ramped down at a 192 rate of 0.13°C min -1 while mosquito movement was continuously monitored. The temperature at 193 which movement stopped following perturbation with a plastic probe was recorded as the adult 194 mosquito CCO.
195
Chill coma recovery time (CCRT) 196 To measure chill coma recovery time (CCRT), larvae were exposed to 2°C for 4, 8, 12, or 16 197 hours. Larvae were cold-exposed by transferring each individual to a 1.5 mL open centrifuge 198 tube and incubating the tubes in a refrigerated centrifuge (Thermo ScientificTM Sorvall 199 LegendTM Micro 21R) set to 2°C (temperature was confirmed via independent thermocouples, 200 and chosen based on prior trials). After exposure to the cold, each larva was transferred to its 201 own 6.7cm diameter plastic container, filled with 50 mL room temperature dechlorinated water.
202
A timer was set immediately upon placement of the larva into room temperature water. CCRT 203 was assessed as the time taken for the larva to swim a continuous distance of 2 cm (measured 204 using a 1 cm 2 grid lining the bottom of the container). Larvae that could not swim 2 cm within 2 205 h were considered to have suffered severe injury.
206
Chill coma recovery time (CCRT) was determined in adult mosquitoes following 6 h at 2°C.
207
Mosquitoes were sexed and placed in 4 mL enclosed glass containers at room temperature 208 (22±1°C) and observed for 120 minutes. The duration of time required for a mosquito to stand on 209 all 6 legs following its removal from the cold was recorded as its CCRT. To assess the effect of 210 blood feeding on CCRT, sugar-water mixture was removed from the cages of warm-acclimated 211 mosquitoes 24 h before blood feeding. Mosquitoes were exposed to warm sheep blood for 20 212 min through a thinly stretched parafilm membrane. The mosquitoes were then either given a 0, 213 40, or 160 min (or alternatively 20, 60, or 180 min from the onset of blood feeding) period prior 214 to the initiation of the cold treatment of 6 h at 2°C. Mosquitoes that did not feed during the 20 215 min blood exposure period were used as an internal control.
216
Low temperature survival 217 To measure low temperature survival of the larvae, groups of 24 larvae were exposed to -218 4°C, -2°C, 0°C, 2°C, 5°C, or 10°C for 24 h using a refrigerated centrifuge as described for 219 CCRT. Importantly, the water containing the larval mosquitoes was never observed to freeze 220 under any of these conditions (i.e. the water supercooled). After exposure to the cold, larvae 221 were kept at room temperature for an additional 24 h, and then survival proportion was recorded.
222
Larvae that were able to move when disturbed were counted as alive. Chilling injury was 223 measured as the inability to resume use of the siphon, where larvae that could not use their 224 siphon to ventilate within 2 hours were counted as injured.
225
Chilling-survival was assessed in adult mosquitoes following 6 h exposures to temperatures 226 between -4 and 2°C. The exposure temperatures varied somewhat between the two acclimation 227 groups to include temperatures that result in survival proportions ranging from 0% to 100%. To 228 this end, cold-acclimated mosquitoes were exposed to -4°C, -3°C, -2.5°C, -2°C, -1°C, 0°C, 1°C, 229 and 2°C and warm-acclimated mosquitoes were exposed to -2°C, -1°C, -0.5°C, 0°C, 1°C, and 230 2°C. Immediately upon removal from the cold exposure mosquitoes were isolated in 4 mL 231 enclosed glass containers and left at room temperature (22 ± 1°C) for 18 h to recover. Following 232 this, the mosquitoes were assessed such that those that were able to stand were considered alive 233 while those that were unable to stand were considered dead.
235
Hemolymph ion concentration 236 To quantify Na + and K + concentrations in larval hemolymph, we used the ion-selective 237 microelectrode technique (ISME). Control larvae were sampled directly from their rearing 238 conditions, while cold exposed larvae were first exposed to 24h at 0°C (using a refrigerated 239 centrifuge as described for CCRT), before hemolymph was sampled and immediately measured. Custom-made ion-selective microelectrodes were constructed and used following previously 247 described methods (Jonusaite, Kelly, & Donini, 2011) . Briefly, borosilicate glass capillaries were 248 pulled to a tip diameter of ~3 µm using a micropipette puller (Flaming Brown P-97, Sutter 249 Instruments, Novato, USA), heated to 300°C, and exposed to N,N-dimethyltrimethylsilylamine 250 vapour for 1 h. Potassium-sensitive electrodes were backfilled with 100 mM of KCl and front-251 filled with K + ionophore (K + ionophore I, cocktail B, Sigma Aldrich, St. Louis, MO, USA).
252
Sodium sensitive electrodes were backfilled with 100 mM NaCl and front-filled with Na + 253 ionophore (Na + Ionophore II Cocktail A; Sigma Aldrich). The circuit was completed with a 254 reference electrode pulled from filamented glass capillary and back-filled with 500 mM KCl. (1)
261
Where C0 is the lower calibration concentration in mM, V is the voltage (mV) reading from the 262 hemolymph sample, V0 is the voltage (mV) reading of the lower calibration concentration, and S 263 is the slope of the electrode (mV) which is the difference in voltage between the two calibration 264 solutions that differ in concentration by a factor of 10. The following calibration solutions were to determine CCRT ( Fig. 2A; F3 , 552 = 20.6, P < 0.001), such that increasing duration of cold 300 exposure led to longer recovery times in warm-acclimated, but not cold-acclimated larval 301 mosquitoes. In addition to increases in mean recovery times, CCRT became increasingly variable 302 15 in warm-acclimated mosquitoes with increasing duration of cold stress, but the same was not true 303 in the cold-acclimated conspecifics ( Fig. 2A) . The proportion of larvae that could resume use of 304 their siphon 2 h following recovery was examined in the same individuals (an index of chilling 305 injury). Warm-acclimated larvae suffered clear chilling injury (roughly 30% after 12 or 16 h at 306 2°C), while only slight chilling injury (~2%) was noted in the cold-acclimated larvae following 307 the same exposures ( Fig. 2B ; interaction between acclimation and exposure duration: F3,20 = 308 10.0, P = 0.005).
309
Cold acclimation also significantly improved rates of chill coma recovery in adult mosquitoes; 
317
Warm-acclimated mosquitos were far more likely to take a blood meal when it was offered (Fig. 318 3A; t = 26.3, P < 0.001); only two cold-acclimated females (out of 65 that were offered it) 319 voluntarily fed on blood within 20 min (Fig. 3A) . For cold-acclimated mosquitos that did not 320 feed, exposure to a blood meal still impacted CCRT, as increasing time since exposure to the 321 blood led to longer recovery times ( Fig. 3B; F1 ,61 = 4.1, P = 0.046). For warm-acclimated 322 mosquitos, the act of blood feeding had no effect on CCRT ( Fig. 3C ; main effect of feeding 323 status: F1,61 = 0.2, P = 0.889), and although there was a slight tendency for CCRT to increase 324 with time since the blood was offered, this effect was not statistically significant (main effect of 325 16 time: F1,61 = 2.8, P = 0.100), and there was no significant interactive effect of feeding status and 326 time on CCRT ( Fig. 3C; F1 ,61 = 0.1 , P = 0.838).
328
Low temperature survival 329 The most parsimonious model for larval survival retained the interaction between exposure 330 temperature and acclimation temperature, which significantly interacted to determine survival (z 331 = 2.6, P = 0.010). Temperature strongly influenced larval survival in both acclimation groups 332 (main effect of temperature: z = 9.4, P < 0.001), with larvae exposed to lower temperatures 333 suffering higher mortality (Fig. 4A ). Cold-acclimated larvae survived 24 h exposures to lower 334 water temperatures (LT50 = -1.64 ± 0.23°C) than their warm-acclimated conspecifics (LT50 = 335 0.81 ± 0.18°C; main effect of acclimation temperature: z = 7.49, P < 0.001; Fig. 4A ).
336
The most parsimonious model of adult survival at low temperatures eliminated all interactions 337 between acclimation temperature, exposure temperature, and sex, but retained all of these 338 variables as independent effects. Adult mosquitoes exposed to lower temperatures suffered 339 greater mortality (main effect of exposure temperature: z = 12.0, P < 0.001), and as was the case 340 for both chill coma onset and chill coma recovery, adult female mosquitoes were consistently 341 more cold-tolerant than males ( Fig. 4B ; main effect of sex z = 2.4, P = 0.014). For both sexes, 342 cold-acclimated adults survived to lower temperatures than warm-acclimated adults (Fig. 4B ; 343 main effect of acclimation temperature: z=7.1, P < 0.001). Cold acclimation shifted the female 344 LT50 (following 6 h cold exposures) from 0.0 ± 0.19°C to -1.9 ± 0.15°C and the male LT50 from 345 0.3 ± 0.18°C to -1.3 ± 0.19°C (Fig. 4B) . demonstrate that this difference of 10°C was sufficient to substantially alter chilling tolerance in 370 this important vector of disease. Cold-acclimated larvae and adults more rapidly recovered from 371 chill coma following cold stress, and had significantly higher survival following chronic cold.
372
After 12-16 h at 2°C, very few larvae acclimated to 15°C showed any signs of chilling injury 373 while ~30% of larvae acclimated to 25°C were clearly suffering from neuromuscular injury that 374 prevented them moving in a coordinated manner (Fig. 2B) . 375 Chilling injury has been repeatedly associated with a systemic loss of ion balance in several 376 terrestrial insects, including members of Hemiptera, Diptera, Blattodea, Lepidoptera, and Folkersen, et al., 2017; Bayley et al., 2018; Boutilier, 2001; 391 MacMillan, Baatrup, et al., 2015) .
392
We noted that the majority of Aedes larvae tend to sink upon entering chill coma. Mosquito 393 larvae obtain gaseous oxygen from the water surface through a siphon on the posterior end of 394 their abdomen, so sinking during cold stress may limit access to oxygen during a cold stress and 395 cause systemic hypoxia. Like cold stress, anoxia has been demonstrated to cause disruptions of 396 ion homeostasis leading to hyperkalemia in Drosophila (Campbell, Andersen, Overgaard, & 397 Harrison, 2018), meaning an inability to access sufficient oxygen during chill coma may further 398 contribute to ionic imbalance and injury in the cold in this aquatic insect. Alternatively, as the 399 metabolic rate of ectotherms is strongly supressed during cold exposure, larvae may obtain 400 sufficient oxygen from the surrounding water during cold stress to fuel metabolism and avoid the 401 downstream consequences of hypoxia.
402
We were surprised to find that cold-acclimated adult mosquitos displayed a very strong aversion 403 to blood feeding when the opportunity was presented (Fig. 3) . As a tropical and subtropical 404 species, Aedes aegypti is not known to be capable of any form of quiescence or diapause (Diniz 405 et al., 2017), but a reduction in feeding behaviour is one of several hallmarks of insects in a 406 period of dormancy, including mosquitos. We will not speculate on whether or not some manner 407 of dormancy is taking place in cold-acclimated Aedes aegypti but argue that this subject is 408 worthy of further investigation, particularly given the importance of this species to human health.
409
Despite not feeding, chill coma recovery times of female mosquitos that were simply in the 410 presence of blood increased (became worse) over the 3 h following its presentation. Most likely, 411 this reduction in cold tolerance was driven by the warmth of the blood, which may induce rapid 412 changes in thermal tolerance in exposed mosquitos. Drinking a blood meal induces an adaptive 413 heat shock response in Ae. aegypti that protects against the effects of a rise in body temperature 414 on fecundity (Benoit et al., 2011) . We thus hypothesize that either the temperature of the warm 415 blood or some other signal of its presence induces a similar response that alters mosquito thermal 416 tolerance. In contrast to cold-acclimated mosquitoes, approximately half of the warm-acclimated 417 20 females fed on blood within 20 mins of its presentation (Fig. 3) . Although we hypothesized that 418 the salt load associated with a blood meal would alter ionoregulatory homeostasis and thereby 419 alter chill tolerance, there was no effect of blood feeding on CCRT in warm-acclimated 420 mosquitos. There was a tendency for the CCRT of warm-acclimated mosquitos to increase over 421 time following presentation of the blood (as was seen in cold-acclimated adults), this trend was 422 not statistically significant, possibly because the acclimation temperature (25°C) was closer to 423 the temperature of the blood.
424
The adult chill coma onset temperature (CCO) of Ae. aegypti appears highly plastic (Fig. 1B) , as 425 cold acclimation reduced the CCO of female and male mosquitoes by approximately 6.4 and 426 3°C, respectively. In stark contrast to adults, however, larvae acclimated to 15°C had the same 427 CCO as those acclimated to 25°C (~6°C; Fig. 1A All data is provided as a supplementary file for review and the same file will be uploaded to a 461 data repository should the manuscript be accepted for publication. Mosquitoes of both acclimation groups were offered warm sheep's blood for 20 min before the 718 blood was removed. Individual mosquitoes were then given 0 min or an additional 40 or 160 min 719 at room temperature before they were exposed to 0°C for 6 h. Triangles represent mosquitoes 720 that chose not to feed on the blood while circles represent those that did feed. Open circles in 
745
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